It was previously shown that the Haemonchus contortus apical gut surface proteins p46, p52, and pl00 induced protective immunity to challenge infections in goats. Here, it is shown that the three proteins are all encoded by a single gene (GAl) and initially expressed in adult parasites as a polyprotein (plOOGA1). p46PAl and p52GA1 are related proteins with 47% sequence identity, including a cysteinecontaining region, which appears to confer secondary structure to these proteins, and a region with sequence similarity to bacterial Tolb proteins. GAI protein expression is regulated during the life cycle at the level of transcript abundance. Only p52GAI has characteristics of a glycosylinositolphospholipid membrane-anchored protein. However, both p46GA1 and p52GAM were released from the gut membrane by phosphatidylinositol specific-phospholipase C, suggesting that p46GA1 membrane association depends on interactions with a glycosylinositolphospholipid gut membrane protein. Finally, GAl proteins occur in abomasal mucus of infected lambs, demonstrating possible presentation to the host immune system during H. contortus infection. The results identify multiple characteristics of the GAl proteins that should be considered for design of recombinant antigens for vaccine trials and that implicate a series of cellular processes leading to modification and expression of GAl proteins at the nematode apical gut surface.
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The gut of parasitic nematodes is a potential target for helminth control by immunological and chemotherapeutic approaches. However, our knowledge of the nematode gut, spectrum of gut antigens, and biological processes associated with nematode gut function is limited. Interest in the nematode gut recently has been stimulated by vaccine research using gut antigens from the parasitic nematode Haemonchus contortus (1) (2) (3) (4) . This abomasal nematode of small ruminants feeds on host blood. It was hypothesized that protective host immune responses induced by gut antigens might be delivered to the nematode gut during the blood-feeding process, thereby causing gut damage and worm elimination. While the mechanism of immune damage has not been determined, whole gut extract (3, 4) and isolated gut surface membrane proteins (1, 2) from H. contortus each induced high to moderate levels of immunity to challenge infections. Characterization of H. contortus gut surface proteins that induce protective immunity will contribute to design of antigens for immune control of this parasite and to knowledge of basic nematode gut biology.
One group of gut surface proteins used for immunization against H. contortus caused mean reductions of 60% and 50% for worm and fecal egg counts, respectively, in immunized goats (2) . These antigens were isolated by immunoaffinity chromatography by using the mAb 42/53.3.5, which reacted exclusively with the gut surface of adult H. contortus worms, recognized a periodate-sensitive epitope, and detected two proteins of 46 and 100 kDa in immunoblots of gut membrane preparations. Four prominent proteins of estimated molecular masses of 30, 46, 52, and 100 kDa were isolated by this mAb. Each of the 46-, 52-, and 100-kDa proteins (referred to as p46, p52, and plOO, respectively) had epitopes recognized by mAb 42/53.3.5, although reactivity to p52 was relatively weak. The significance of the 30-kDa protein remained unresolved.
It was suggested that plOO is a precursor to both p46 and p52 (2). However, p52 was not detected in worm extracts by mAb 42/53.3.5, and only a 46-kDa protein was detected by this mAb in worm excretory/secretory (ES) products from in vitro worm cultivation. Therefore, it was important to determine if p52 is an actual gut membrane protein. It also was of interest to identify protein characteristics that might contribute to function or antigenic features of these proteins. Furthermore, p46 localization into ES products suggests a yet undescribed mechanism for release of membrane proteins from the nematode gut surface. Analysis of gene coding sequences for these proteins reported here provides insight into these issues.
Another question requiring clarification is whether or not gut antigens are released from the parasite during an infection. It was postulated that a 110-kDaH. contortus gut antigen (H1) is "hidden" from the host immune system during infection (4) and, hence, would not stimulate host anamnestic or mucosal immune responses during challenge infections. Detection of p46 in ES products from adult worms cultured in vitro suggested that sequestration from the host is not a general property of nematode gut antigens. However, it remained to be established that these antigens are released from worms during an infection.
Here, data show that p46 and p52 are derived from plOO. These proteins are now referred to as gut antigen 1 (GA1). The 30-kDa protein had a sequence identical to mouse kappa light chain and was probably derived from mAb 42/53.3.5. p46 Al and p52GA1 have 47% identity, indicating that these family members are encoded by the same gene. Therefore, the GA1 gene encodes a nematode gut polyprotein, the expression of which is developmentally regulated. p52GAl is an apparent integral membrane protein that is cleaved by phosphatidylinositol specific-phospholipase C (PIPLC). While PIPLCsensitive, p463Al membrane attachment is likely to involve noncovalent association with another integral membrane protein. GAl proteins were also detected in abomasal mucus of infected lambs, demonstrating potential presentation to the host immune system.
MATERIALS AND METHODS
Parasites. Maintenance of H. contortus adult and third stage infective larvae have been described (3) . The pellet generated Proc. Natl. Acad. Sci. USA 93 (1996) 8643 from gut homogenates by centrifugation at 5000-50,000 x g consisted of the gut membrane fraction, which was stored in PBS (pH 7.4), 5 mM EDTA, 100 ,M leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM N-a-tosyl-L-lysine chloromethyl ketone at -20°C (2) . ES products were obtained from media exactly as described (2), after culturing adult worms for 16 hr.
Abomasal mucus was obtained from two lambs 25 days after infection with 15,000 larvae and an uninfected lamb immediately after it was killed. Mucus samples were stored at -20°C in lysis buffer [1% Nonidet P-40/50 mM TrisHCl/10 mM EDTA/protease inhibitors (as for gut antigens), pH 7.4].
Immunoblotting. SDS/PAGE was done essentially as described using 7.5-17% gradient gels under reducing conditions (720 mM 2-mercaptoethanol) or nonreducing conditions, followed by immunoblots (5) that were developed using enhanced chemiluminescence (Amersham). For chemiluminescence, horseradish peroxidase-conjugated goat anti-mouse or rabbit anti-goat second antibodies (Kirkegaard and Perry Laboratories) were used.
Gene Cloning and Analysis. An adult H. contortus cDNA expression library made in A Zap II was obtained from Timothy Geary and Ronald Klien (Upjohn) (6) . Sera from three goats immunized with antigens that were immunoaffinity isolated by mAb 42/53.3.5 (2) were pooled and used to screen the expression library by described methods (7) . Expression plasmids were generated from purified clones by in vivo excision (Stratagene). The DNA sequence was obtained as described using sequential oligonucleotide primers (7) . This strategy yielded a sequence encoding the mature GAl proteins, but not the 5'-most coding sequence. The 5'-end sequence was obtained by reverse transcriptase (RT)-PCR using an internal GAl primer in conjunction with a spliced leader (SL1) sequence primer, since this sequence is transpliced onto many messenger RNAs of numerous nematode species (8) . PCR products were ligated into pCRII (Invitrogen), cloned, and sequenced.
Total RNA was isolated from third stage and adult worms (9) . Northern blots were done as described (10) Generation of Antibody Against Recombinant GAl Proteins. Recombinant GAl polyprotein (rGA1) induced by isopropyl-;-D-galactopyranoside (0.4 mM) in XL-1 blue bacteria predominately localized in pellet fractions (not shown) produced from bacterial lysates by a method to generate inclusion bodies (12) . This pellet fraction was used to immunize goats by first injecting rGA1 (300 ,ug) with Freund's complete adjuvant followed by biweekly injections with Freund's incomplete adjuvant for three injections. Pre-and postimmunization sera were used in immunoblot experiments.
PIPLC Cleavage of Proteins from Gut Membrane. Gut membrane preparations in PIPLC buffer (70 mM triethanolamine, pH 7.5/5 mM EDTA) were pelleted at 50,000 x g, resuspended in PIPLC buffer, and aliquoted (6.25 ,ug of protein) into reaction tubes in a 50 ,ul volume. PIPLC (Boehringer Mannheim) was added at 66 microunits/ml, and samples were briefly sonicated and incubated at 37°C for 2 hr. Reactions included 5 mM EDTA to inhibit potential phospholipase D activity. Reactions were separated into 50,000 x g supernatant and pellet fractions and analyzed by immunoblotting.
RESULTS
p46GA1 and p52GA1 Are Derived from a plOOGAl Polyprotein.
Twenty clones were identified by antibody screening. One of the clones (Hcgal3) encoded an estimated 100-kDa recombinant protein (rGA1), and sequences of all the other clones analyzed were contained within the Hcgal3 sequence. A primer from this sequence (Fig. 1 , nucleotides 312-329) was used in conjunction with the SL1 sequence primer to obtain the 5'-most end of the gene.
N-terminal protein sequences of isolated p46GAl, p52GA1, and plOOGAl indicated that each of these proteins is encoded by the GAl gene. An apparent signal sequence occurs on the N terminus of the predicted protein. N-terminal sequences of plooGAl and p46GAI are identical and occur after the predicted signal sequence (Fig. 1 ). The N-terminal sequence of pS2GAl is located midway through the predicted protein sequence.
Predicted molecular masses of p46GA1 and p52GAl proteins are 43 and 48 kDa, respectively. Differences between recombinant and native proteins could result from glycosylation of the native proteins because three potential N-glycosylation addition sites occur in each of the p46GA' and p52GA' amino acid sequences, and two different periodate-sensitive epitopes have been detected on each of these proteins (2). These results indicate that p46GAl, pS2GAl, and plOOGAl are all encoded by the GAl gene. A potential protease cleavage site incorporates the N terminus of pS2GAl. The sequence Lys-Asn-Ala (Nterminal residue of pS2GAl) fits the dibasic serine protease cleavage site involved in flavivirus polyprotein maturation (13) , in which these residues would represent P2, P1, and P1', respectively. Therefore, serine protease cleavage may contribute to GAl polyprotein processing. Further evidence for the GAl polyprotein model was gained from GA] transcript analysis, described below.
That the 5' GAl sequence derived from the SL1-primed RT-PCR product occurs in the GAl RNA was confirmed with use of a primer from the signal peptide coding sequence (nucleotides 23-40) and the GA] 3'-most primer (Fig. 1) .
These primers amplified an RT-PCR product of'the expected size from total worm RNA (not shown). When this product was reamplified withp52GAl-region III primers (see Fig. 1 ), a PCR product of the appropriate size (estimated 567 bp) also resulted (not shown), indicating colocalization of all the primer sequences within the same RNA. p52GA1-region III primers were also used to amplify H. contortus genomic DNA, which generated a -2.0-kb product that hybridized to the p52GAl-region III probe (not shown), indicating the presence of introns in the genomic GAl sequence.
A protein of--30 kDa was also isolated from the mAb 42/53.3.5 immunoaffinity column. The N-terminal sequence of this protein exactly matched the sequence for mouse kappa light chain, indicating that this protein was derived from the 42/53.3.5 mAb that was conjugated to the immunoaffinity column. Hence, all of the prominent proteins isolated from the 42/53.3.5 mAb immunoaffinity column (2) are accounted for by GAl proteins and the mAb used for immunoaffinity purification. or underlined in italics (p46/p52). immunoaffinity isolation. This conclusion was confirmed with use of antisera to rGA1, which detected each of the GAl proteins in whole worm, isolated gut, and gut membrane fractions (Fig. 2) . plOOGAl occurs as a doublet, which was not previously observed, and could represent different gene products or differentially modified forms of the same gene product. No GAl proteins were detected in third stage larvae by immunoblotting using mAb 42/53.3.5 (2) or goat antibody made against worm derived-GAl or rGA1 (not shown).
Developmental regulation of GAl expression was demonstrated in Northern blot analysis using a 258-bp PCR product from the 5' end of p46GAl and a 567-bp PCR product from p52GAl-region III (see primer location in Fig. 1 ) as probes. The p52GAl-region III probe binds specifically to restriction enzyme fragments of Hcgal3 that encode pS2GA1 but notp46GAl (not shown). A 3.0-kb transcript was detected by each probe in RNA from adult parasites (Fig. 3A) , whereas weak detection in infective larvae required longer film exposure to the blot. GA1 primers from the 5' coding and 3' untranslated regions of the nucleotide sequence also amplified an expected 2.4-kb product from adult but not larval RNA (Fig. 3B) . Hence, p46GA1 and p52GAl coding sequences occur in the same transcript, confirming initial expression as a polyprotein, and GAl protein expression is developmentally regulated by H. contortus at the level of transcript abundance. p46GA1 and pS2GA1: Related Proteins with Distinct Characteristics. When aligned, the p46GA1 (lacking the signal sequence) and p52GA1 predicted protein sequences had 47% sequence identity (Fig. 4A) . Therefore, these two proteins are closely related and are tandemly encoded by the same gene. This alignment identified three noteworthy regions that are common to the p46GA1 and p52GAl proteins. Region I contains four conserved cysteine residues, which may contribute to protein structure via disulfide bridges. Region 11 (56 amino acids) has sequence similarity to a bacterial Tolb protein, as will be discussed in the following paragraph. Region III (82 amino acids) occurs near the C terminus and has extensive identity (67%) between these two proteins. 3, and 5 ) and infective larvae (lanes 2, 4, and 6) was hybridized with probes forp46-5' (lanes 1 and 2) andp52-region III (lanes 3 and 4) that were generated by PCR from plasmid Hcgal3 (see Fig. 1 for primer locations) . Lanes Data base sequence comparisons identified the Tolb protein from Escherichia coli as having the highest similarity score with GAl proteins (determined by Blast analysis), which includes a short sequence (Ser-Pro-Asp-Gly) in p46GA1, p52GAl, and Tolb that is again repeated in all with identical spacing (Fig. 4B) 
SPDGKTIAFTSIRTGDLELWIMTDGTNLHQVTKEYGYDGGCFFSPDGKRLVFRAS
colicins into E. coli (14) . However, the function of the identified sequence in Tolb proteins is unknown. The alignment also identified a highly hydrophobic C terminus on p52GAl that lacks a hydrophilic extension and is specific to this protein (Fig. 4A) . This sequence resembles glycosylinositolphospholipid (GIPL) membrane anchor addition sequences (15) and indicates that p52GAI is an integral membrane protein. Unexpectedly, p46GAl lacks obvious hydrophobic regions consistent with GIPL addition or transmembrane insertion, indicating apical gut membrane association via a distinct mechanism.
PIPLC-Sensitive Release of p46GA' and pS2GAl from Gut Membrane. Treatment of gut membranes with PIPLC repeatedly released p52GAl from the gut membrane in association with retarded electrophoretic mobility of the soluble form of the protein (Fig. 5) , as observed for other PIPLC-sensitive proteins (16) . These results indicate that p52GAl is a substrate for PIPLC and is likely anchored to the apical gut surface by a GIPL anchor.
Unexpectedly, PIPLC treatment also released p46GAl from the gut membrane. However, p46GAl lacks a hydrophobic C terminus, and PIPLC treatment did not cause altered electrophoretic mobility of p46GAl. Therefore, p46GAl membrane association is apparently indirect via interaction with another GIPL-anchored protein, possibly p52GAl.
p46GAl association with integral membrane proteins of H. (17) .
The GAl gene appears to have evolved by tandem duplication of a progenitor gene, resulting in two related proteins that share conserved regions, probably related to their function. Nevertheless, a specialized feature of p52GA1 is its characteristics consistent with GIPL membrane attachment. Evidence for GIPL anchored membrane proteins was reported for schistosomes (18) (19) (20) but apparently not for other helminths. Evidence for GIPL-anchored proteins on the apical gut surface is of added interest given the resemblance of the nematode gut to polarized epithelial cells (21) . In mammalian polarized epithelial cells, GIPL addition sequences direct apical membrane localization of proteins (22, 23) While p46GAl lacks characteristics of a GIPL-anchored or a transmembrane protein, it was released from gut membranes by PIPLC. It is likely that this gut membrane association is indirect and occurs via interactions with another protein (or proteins) that is anchored by GIPL. p52GA1 is a potential partner for p46GA1 in a membrane complex given (i) the apparent GIPL membrane anchorage of p52GA1 and (ii) the coisolation of p46GAl, p52GA1, and plOOGAl by immunoaffinity chromatography (using mAb 42/53.3.5) in absence of other H. contortus proteins (2) . Although the specific proteins involved in putative complex formation are not known, this process is functionally significant for GAl proteins and may be immunologically relevant, since nonlinear protein structures can contribute to B cell epitope formation (24) .
Finding GAl proteins in host mucus during an infection suggests possible involvement of anamnestic and mucosal immune responses in protective immunity induced by these antigens, which will be important to investigate further. Nevertheless, release from the nematode may be a variable quality of gut antigens, since p52GA1 and p46GA1 were differentially detected in in vitro derived ES products. This finding could be explained by variable sensitivity of gut surface proteins to proteases that occur in worm gut or ES products (25, 26) 
